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ABSTRACT: We present an optical study based on the quasiparticle self-
consistent GW (QSGW) approximation combining structural information taken
from density functional theory (DFT) to elucidate spectral features of CO
adsorbed on Pt(111) and Cu(111). Optical information and structural
arrangement of the adsorbed CO are correlated by varying both site positions
and CO coverage as compared to experimental studies (θ = 1/4 to θ = 1/2).
This enables us to resolve key spectral features of both occupied and
unoccupied molecular states at various adsorbate coverages, comparing theory
to experiment. Using experimental data as benchmarks, we show the theory
compares well with available data. Its predictive power provides a new path to
infer information about the structure of CO from optical information and can help to predict the presence of other little understood
adsorbates such as an OCCO dimer that may be relevant to mechanistic pathways for reduction of CO2 to high value C2+ products.
This new approach complements total energy calculations and also fills a void in DFT-based theory that is known to be an unreliable
predictor of the energetics of CO on transition metal surfaces.

1. INTRODUCTION
CO is an important probe molecule in infrared spectroscopy,1

which describes local electrostatic and chemical environments
in heterogeneous catalysis and in electrochemical character-
ization2−4 of transition metal (TM) active sites (CO-stripping
voltammetry). Moreover, CO is a key reactant product in CO2
reduction to low-carbon fuels and high value products such as
alcohols, acids, and hydrocarbons and in carbon sequestration
for reducing greenhouse gases.5,6 However, our theoretical
understanding of CO adsorbed on a TM surface is fragmented.
This is largely because our main tool to model such systems
density functional theory (DFT) even with functionals tuned
for catalysislacks su5cient fidelity to reliably describe either
the total energy or spectral properties, as we show in some
detail in this work. As one example, many functionals strongly
overbind CO at the hollow site on TM surfaces.7 Such
uncertainty hampers the informative and predictive nature of
theoretical studies of CO2 reduction. How CO initially binds
to the substrate is an essential component in the initial step for
processes, such as CO2 splitting into CO* and O*. If already
the site preference of the initial step of the reaction process
cannot be resolved to the required accuracy, modeling the
entire reaction process remains in doubt. That being said, even
while we find DFT energies are not reliable, we will show that
DFT predictions of the structure (bond lengths) are much less
variable between functionals and align much better with
available experimental data.
The present work focuses on characterizing adsorption

through spectral properties: although they are related to total
energy, spectral functions provide di9erent kinds of informa-

tion about the chemistry of the interface. As with the total
energy, the uncertainty in DFT predictions is too large to make
the theory predictive. Here, we use a self-consistent form of
many-body perturbation theory (the quasiparticle self-con-
sistent GW approximationQSGW8), which has much higher
fidelity than DFT, and also higher fidelity than the GW
approximation based on DFT. QSGW describes energy bands
for a wide range of materials rather well9,10 including many
where the local density approximation (LDA) fails. QSGW
contains physical e9ects found in other theories, such as LDA
+ U, hybrid functionals, self-interaction correction, and GW in
a consistent manner without many of their drawbacks, such as
partitioning of itinerant and localized electrons, adjustable
parameters, and ambiguities in double counting. QSGW
accurately captures valence d bandwidths, magnetic moments,
and the positions of s- and d-bands in 3d metals.9 It has also
been applied to the GW100 set of molecules and shown to
yield very good ionization potentials.11 In a study of the Fe/
MgO magnetic tunnel junction (a system with some
similarities to the present work), it gave an excellent
description of the transmission probability.12
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The QSGW formalism can be derived from a standpoint of
self-consistent perturbation theory, where the unperturbed
Hamiltonian is an optimized noninteracting one.10 Ismail-Beigi
showed that formalism can also be derived from a variational
principle, though not the usual one.13 For insulators, QSGW
provides rather satisfactory description of valence bands;
conduction bands are also well described, although bandgaps
are systematically overestimateda feature which can be
almost completely ameliorated by adding ladder diagrams to
the polarizability, often even in strongly correlated systems.14

This demonstrates that the charge susceptibility, which
generates the correlation part of the potential, is well described
by QSGW. In metals, QSGW provides an excellent description
of ARPES provided fluctuations in the spin channel are not too
strong, e.g., in Fe.9 Questaal’s implementation of QSGW is
described in detail by Pashov et al.15

For benchmarking adsorption of CO on TM surfaces, we
take structures of the adsorbed molecule using DFT, and we
perform QSGW calculations on them. We compare to
photoemission (PE) data for CO on Cu(111)16−18 and
Pt(111).19,20 Pt(111) systems remain the best characterized
experimental studies of CO preferentially adsorbing on an
atomic site, whereas Cu(111) is an experimentally relevant
catalyst for electrochemical CO2 reduction.

5,21 The theoretical
insights to CO in reference to PE data will be a significant first
step to enabling more accurate predictions of the mechanisms
for CO2 reduction and may be especially relevant for
electrochemical, photoactive, and plasmonic applications.5,22,23

1.1. Prior Theoretical Studies of the Energetics of CO
Adsorption. Patra et al. pointed out that the hollow site
preference on (111) extends to Rh, Pt, Cu, Au, and Ag for the
LDA and PBEsol functionals, though this discrepancy with
experiment can be mitigated in some cases, e.g., CO on Rh and
Ag through use of the PBE and SCAN functionals.7 Similarly,
the hybrid functionals PBE0 and HSE03 can correctly predict
the atop site preference for Cu, Rh, but not for Pt.24 Moreover,
the portion of Fock exchange in hybrid functionals is a freely
chosen parameter, which can be adjusted to correspond to the
experimental property of interest. While HSE captures the 5σ
(HOMO) and 2π* (LUMO) features well for Pt(111), it
overestimates the metal bandwidth.25 Lazic,́ et al. found that
setting a cuto9 distance for nonlocal interactions through the
van der Waals density functional could recover an atop site
preference, but only at coverages of θ = 1/12.26 Once their
theoretical study reached a coverage of θ = 1/4, the di9erence
between the atop and hollow sites was negligible.
In these theoretical studies, the long-standing puzzle of CO

on TM surfaces is attributed to charge transfer between CO
and the metal site, with the preferential hollow site resulting
from the enhanced back-donation of the metal d-orbitals to
CO’s 2π* orbital. Shifting the LUMO of CO’s 2π* orbital
higher can potentially reorient the HOMO−LUMO gap to
revert to the correct 5σ-metal interaction for the atop site.25,27
Studies by Gajdos ̌ and Hafner as well as Patra et al. add a
Hubbard U parameter to surmount di5culties of the PBE
functional, but note that the determination of U is
empirical.7,27 Olsen et al. successfully stabilized the site
geometries of atomic > bridging > fcc for CO on Pt(111),
reflecting experiment, by implementing a combination of
atomic orbitals from Herman−Skillman-type calculations and
Slater-type orbitals with basis set expansion up to QZMP with
scalar relativistic and spin−orbit corrections.28 This study
proposed that DFT may be capable of resolving the correct site

geometry when scalar relativistic or a combination of scalar
relativistic and spin−orbit corrections are implemented. Total
energies calculated within the random phase approximation,
using LDA eigenfunctions and eigenvalues, seem to fare much
better.25 In the same work, densities of states were also
presented and showed improvement relative to DFT.
1.2. Role of Coverage Dependence. In our present

study, we consider surface-CO coverages reflective of
experimental conditions, where coverage θ can range from
0.17 to 0.5, depending on the study.16−20 This can necessarily
alter the site geometries of CO molecules with a low coverage,
which consists primarily atop CO sites, and coverages of 0.33−
0.5, which achieve mixtures of atop, bridge, and hollow-site
CO.29−32 Nekrylova et al.’s vibrational and thermal desorption
spectroscopic study of CO on Pt(111) at 20 K found that the
hollow-site CO’s infrared (IR) band of 1736 cm−1 appeared at
θ = 0.35 and increased in intensity as the coverage reached θ =
1.0.32,33 With the advent of in situ scanning tunneling
microscopy (STM), the ratio and position of atomic, bridging,
and hollow sites can be precisely identified, highlighting the
importance of CO−CO lateral interactions.34,35

Moreover, while both in-situ STM and IR-absorption
spectroscopy (IRAS) can agree on the appearance of di9erent
sites at specific coverages, the ratio of the di9erent kinds of
occupied sites can vary considerably as demonstrated in a
study of CO on Pt(111) by Villegas and Weaver.34 At θ = 0.75,
STM images found a ratio of atomic:hollow site occupation of
1:2 per unit cell, while integration of corresponding IRAS data
yielded 2:1. Since STM is likely the more reliable measure, the
discrepancy between these experiments warrants some caution
in inferring coverage from IR data. The di9erence between the
two experiments was attributed to the dynamic dipole coupling
e9ects related to CO−CO interactions, but it also suggests that
there can be some ambiguity in the exact occupation of specific
sites when analyzing IRAS data. Moreover, the richness of the
experimental data indicates that theoretical models should take
into account information about the coverage and distribution
of sites in the actual experimental samples. We consider
atomic, bridging, and fcc hollow CO sites at θ = 1/4 coverage
and combinations of them which correspond to experiments at
θ = 1/2 coverage. This allowed our theoretical model to closely
match the coverages present during the experimental
conditions of di9erent PE studies.16−20 In this work, we
elucidate how QSGW’s ability to match PE data with high
fidelity makes it possible to resolve the unique features related
to di9erent CO site occupations.

2. METHODS
The (111) surface was cut from a bulk unit cell of experimental
lattice constant 3.9231 Å for Pt and 3.61496 Å for Cu.36 For
CO adsorption on Pt(111) and Cu(111), we utilized a four-
layer surface cell with four surface metal atoms exposed; for
coadsorption of two CO molecules on Pt(111) and Cu(111),
we utilized a six-layer surface cell with four surface metal atoms
exposed. The Monkhorst−Pack k-point grid was 12 × 12 × 1
centered at the Gamma due to the hexagonal cell used for the
(111) surface. A vacuum gap of double or more the height of
the surface was incorporated in order to prevent spurious
interactions between the periodic images. Subsequently, the
calculated adsorption energies utilized the following equation

= +E E E nEads surf ads surf gas,CO
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where Esurf+ads is the total energy of the surface with adsorbate;
Esurf is the total energy of the clean surface without adsorbate;
Egas,CO is the total energy of the gas phase CO; and n = 1 and 2
as the number of CO gas molecules. Relative adsorption
energies (ΔEads) refer the energies of di9erent isomers with
respect to the global minimum structure, e.g. (ΔEads = Eads,isomer
− Eglob). Postprocessing of isomers was performed, extracting
electronic information for bonding analysis such as charge-
transfer via the Bader charge algorithm and orbital overlap
from projected density of states (PDOS).37−41 For geometric
relaxation, the plane-wave DFT code, the Vienna Ab initio
Simulation Package (VASP 5.4.4)42−45 was utilized and
Supporting Information Tables S1−S4 summarize metal-C
and C−O bond distances of these calculations. The plane-
waves basis set was expanded to a kinetic energy cuto9 of 520
eV, incorporating optimization of geometries to a convergence
criteria of 10−6 (10−5) eV for electronic (geometric) relaxation
and Gaussian smearing to account for the complexity of
metal−adsorbate properties. A dense k-point mesh of 12 × 12
× 1 was implemented. For subsequent quasiparticle, self-
consistent GW-level calculations, Bayesian error estimation
functional with van der Waals correlation (BEEF−vdW)
geometries were computed with an 8 × 8 × 1 k-point mesh
for the one-body part and a 4 × 4 × 1 k-point mesh for the
two-body part. The cuto9s to the GW basis sets were set at 5.0
a.u. for CO on Cu(111) calculations and 4.5 a.u. for CO on
Pt(111) calculations. The self-consistency cycle was iterated
until the change in self-energy fell below 1 × 10−5. QSGW

calculations were performed with the Questaal package.15

Computing parameters and time for these QSGW calculations
on NERSC’s Perlmutter cluster for CO on Pt(111) is
summarized in Supporting Information Table S5 to give
readers a sampling of Questaal’s performance.

3. RESULTS AND DISCUSSION
We generated structures with relaxed, optimized coordinates
for CO adsorbed onto a surface using three kinds of density
functionals: LDA,46 Perdew−Burke−Ernzerhof (PBE),47 and
BEEF-vdW.48 The BEEF-vdW functional was designed
particularly to target heterogeneous catalysis with consider-
ation for chemical reactivity (bond breaking and forming), the
solid-state physics of the surface, and van der Waals forces.
Probably for that reason BEEF-vdW tested better than the
other functionals for CO-related reactions, often resulting in
only a ∼0.1 eV deviation from experiment for CO oxidation
(2CO + O2 → 2CO2, the reverse reaction to CO2 reduction),
methanol formation (CO + 2H2 → CH3OH + H2O), and
ethanol production (CH3 + CO + H2 → CH3CH2OH).
3.1. CO on Pt(111). DFT has a well-known tendency to

underestimate the splitting between HOMO and LUMO
levels, and further, it tends to misalign heterogeneous orbitals,
notably s, p states relative to TM d states. Both tendencies are
seen here, with the occupied 4σ, 5σ, and 1π states too shallow
and the unoccupied 2π* state too close to the Fermi energy.
Both issues are connected with the DFT construction, namely,
that the potential is the same for all electrons. Hybrid

Figure 1. Visualization of CO’s four unique adsorption sites of atomic, bridging, fcc hollow, and hcp hollow sites (from left to right) with
adsorption energies (Eads, eV), relative adsorption energies (ΔEads, eV), Bader charges (ΔQ, e), and bond lengths (Å). Bond lengths are compared
to experimental values in Supporting Information Table S1. Ptlight gray, Cdark gray, and Ored. Adapted from ref 51 and available under a
CC-BY 4.0 license. Copyright 2024 Ha et al.
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functionals such as HSE add nonlocal character missing in a
pure density-functional, and energy levels are generally better.

However, the amount of nonlocal character cannot be
universal, since it depends on the dielectric response of the

Table 1. Adsorption Energy (Eads) and Relative Adsorption Energies (ΔEads) to the Global Minimum on Pt(111) at θ = 1/4

Exp, ΔEads (eV) LDA, ΔEads (eV) PBE, ΔEads (eV) BEEF, ΔEads (eV)

atomic 0.00 (−1.38),52 (−1.43)53 0.33 (−2.31) 0.19 (−1.55) 0.11 (−0.83)
bridge 0.07,54 0.0253 0.09 0.03 0.00
FCC hollow 0.1129 0.01 0.00 0.03
HCP hollow 0.00 0.01 0.07
Eads,glob (eV) −1.38 −2.64 −1.74 −0.94
Exp (eV), Eatom→bridge 0.156 ± 0.02931

Exp (eV), Ebridge→atom 0.08,54 0.091 ± 0.01931

Figure 2. Theoretical PDOS, with dotted-red lines overlaid that reflect the molecular levels extracted from PE data. (TOP) Converged QSGW
results from Questaal; (BOTTOM) DFT results from VASP. Data below the Fermi energy (EF) are taken from Tsilimis et al. (4σ at EB = −11.6 ±
0.2 eV, 5σ at −9.3 ± 0.2 eV, and 1π at −8.4 ± 0.4),19 while the above EF data were taken from a two-photon experiment from Anazawa et al.
(LUMO state for the atomic site at 4.5 eV, <0.17 ML).20 Pink shaded areas reflect uncertainties reported in the measurements. All six DOS plots
use the same experimental data. The abscissa was shifted to place the Fermi energy at 0. Adapted from ref 51 and available under a CC-BY 4.0
license. Copyright 2024 Ha et al.
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system, as has been shown by several authors; see Vidal et al.49

In the CO/TM systems studied here, the screening itself is
highly heterogeneous. For high fidelity, a theory must take into
account the e9ects of heterogeneous screening, and also the
feedback between energy levels and the dielectric response,
and finally the corrections to one-body (Hartree) parts of the
potential from modification of eigenfunctions by a higher
fidelity potential.50

As regards ground-state properties, the failure of LDA and
PBE functionals to stabilize the CO on the atop site is well-
known. A considerable number of studies have delved into the
short-comings of DFT and the possibilities of hybrid
functionals such as HSE, RPA, and Hubbard U corrections
to resolve some aspects of the HOMO−LUMO gap for CO on
transition metals.7,24,25,27 These studies hypothesize that the
interaction between CO’s orbitals to the TM’s d-orbitals lead to
enhanced back-donation to CO’s 2π* orbital that preferentially
stabilizes the hollow site instead of the directional 5σ orbital
for atop site adsorption. Furthermore, DFT often shifts both
the 5σ and 2π* states closer to the Fermi energy, resulting in
an overestimation of the binding energy. Nevertheless, where
experiments are available, we can compare the relative energies
of the three adsorption sites. Additionally, we present results
for two other ground state properties: the site-resolved partial
charges using a Bader analysis, and bond distances across the
di9erent functionals (Supporting Information Table S1). In
contrast to the total energy, bond lengths are remarkably
uniform across functionals and in good agreement with
experiments. This supports our argument that DFT is su5cient
to determine structure, if not total energy, and subsequently
may not capture accurately the spectral features related to
photoelectron, photoemission (PE) experiments.
Regarding Bader charge analysis, the most important finding

is that partial charges vary wildly across functionals (Figure
1).39,40 For the LDA functional, the CO was positively charged
for all of the adsorption sites; the PBE and BEEF-vdW
functionals resulted in negatively charged CO for all of the
sites. Not only did the LDA destabilize the atomic site
considerably compared to the hollow site, but it also exhibited
the greatest polarity within the CO molecule. Indeed, the CO
molecule became circa +2e and the Pt atom below it −2e. The
magnitude of these interactions decreased from LDA to PBE
to BEEF-vdW calculations.
By comparison, the bridging and hollow sites were

inconsistent in the magnitude of the charge transfer across
the Pt, C, and O atoms. Since the energy is a function of the
charge, it is not surprising that the total energies based on DFT
are unreliable. Forces are also controlled by charge (the density
at the nucleus), yet surprisingly, the bond distances between
the Pt−C and C−O bonds remain similar across the di9erent
functionals, with a relative di9erence of only 0.04 Å. Intensity
analysis of measured I−V curves in a dynamical low-energy
electron di9raction study provided considerable detail to
surface CO−Pt (111) bonds.30 Indeed, the experimental
uncertainty of the C−O bond 1.15 ± 0.05 Å is broader than
the variation in C−O bond lengths of all three site types
(1.15−1.16 Å for atop CO, 1.17−1.18 Å for bridge CO, and
1.19 Å for hollow CO). A similar trend occurs for the Pt−C
bond, wherein all three functionals can reproduce bond lengths
within the uncertainties of the experiment.
Table 1 compares the total energy for the three absorption

sites, along with measured values taken from He scattering for
desorption of CO and IRAS-LEED.29,52,54 Notably, the

functionals di9er considerably in both their reaction energies
and their relative changes in energies across the three
adsorption sites. BEEF-vdW performed best for relative
energies, with ΔE ranging between 0.00 and 0.11 eV,
compared to measured values of ΔE = 0.00 − 0.11 eV.54

This is a marked improvement over that of LDA (ΔE = 0.00 −
0.33 eV) and PBE (ΔE = 0.00 − 0.19 eV). Even for BEEF-
vdW, some discrepancies with experiment are seen. It finds the
bridging site to be more stable than the atomic site by 0.11 eV,
while experimentally, this di9erence is −0.07 eV.52,54

Subsequent QSGW calculations were evaluated for structures
derived from the BEEF-vdW functional since it performs best.
From QSGW, we can evaluate PDOS to compare to
experimental PE data.19,20 PDOS allows us to elucidate the
s-, p-, and d-orbital contributions by Pt, O, and C and correlate
their contributions to the σ- and π-levels determined in the
experiment.
Experimental values of CO-derived σ- and π-levels below the

Fermi energy EF on Pt(111) are reported for θ = 1/2 coverage,
with an equal amount of atop- and bridge-CO sites reported to
be occupied.19,30 More in-depth IRAS studies observe that due
to the 0.04 eV energy di9erence between the bridging and
hollow sites, Boltzmann populations factor in the occupation of
the hollow sites. Even at temperatures as low as 20 K, the
hollow site’s IR band appears at θ = 0.35.32,33 For occupied σ
and π CO states, Tsilimis et al. performed an ultraviolet
photoemission spectroscopy study at 150 K, while Anazawa et
al. determined the position of the unoccupied LUMO 2π*
states from a two-photon PE (2PPE) study at <120 K.19,20

While atomic and bridging sites should be dominant, some
non-negligible percentage of CO that occupies hollow sites is
also likely.
As a first step, we calculated the partial DOS for all three

configurations (atop, bridge, and fcc hollow) at θ = 1/4
coverage. Figure 2 shows the result together with levels
extracted from PE measurements19 overlaid in red. As the PE
measurements were taken for θ = 1/2 samples, they are not
directly comparable to the calculated results. The comparison
is nevertheless useful because it demonstrates that both
occupied states and the LUMO 2π* state are sensitive to
configuration, and therefore, the optical data can serve as a
useful structural probe. For PE data,19 the authors report equal
occupation of atop and bridge CO sites. If we accept this to be
correct, the closest comparison to the experiment would be to
average the calculated PDOS in the left and center panels in
equal measure. On the other hand, if the total energies of
Table 1 are accepted, the relative populations of the atomic
and bridging site will di9er by a Boltzmann factor, exp[−ΔE/
kBT]. Taking into account the large uncertainty in ΔE (Table
1), the Boltzmann factor ranges between 0.21 for ΔE = 0.02 to
0.004 eV for ΔE = 0.07 eV. It is very likely, therefore, that the
atomic configuration is much more populous than the bridging
one.
This is consistent with QSGW calculations, which align very

well with PE data for the atop site and much less so for the
other configurations. Olsen et al. suggested that spin−orbit
coupling might be a contributing factor to the accuracy of CO
on TM surfaces.28 In Supporting Information Figure S1, a
comparison of the PDOS from QSGW calculations without
and with spin−orbit coupling is provided for atop CO on
Pt(111) at θ = 1/4, reproducing the same peaks with negligible
di9erences in magnitude. Spin−orbit coupling is computed as
part of the single-particle Hamiltonian after QSGW self-energy
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is made. More properly, the e9ect on the self-energy should be
included as well. However, we have found the e9ect to be quite
small with a mild exception for the very heavy element Pb. We
have a means to feed the SO coupling into the self-energy (see
the appendix in Azarhoosh et al.),55 but even for Pb, it mainly
a9ected the Pb p orbital. Based on Supporting Information
Figure S1, we do not think the e9ect is significant here.
The PDOS was plotted for the di9erent sites, showcasing

that each site may contribute to the experiment within the
uncertainty of the observed σ- and π-levels (Figure 2TOP).
The atomic site contributes the most intense peaks to the 5σ-
(containing hybridization from Pt, O, and C s-, p-, d-orbitals)
and 1π-levels (primarily Pt d-orbitals and C, O p-orbitals) of
experimental PE data,19 whereas the 4σ-level may represent
contributions from all three sites. While the atomic site shifts
the 4σ band away from EF, the bridging and hollow sites shift
the 4σ band closer to it. Therefore, at higher coverages, the
mixing of the bands may shift closer to experimental σ- and π-
levels below the EF. For the unoccupied LUMO 2π* state, the
2-photon study of Anazawa et al.20 places it at EF + 4.5 eV at
<0.17 ML coverage, with a second peak at 4.2 eV rising in
prominence as bridging sites become occupied, with coverage
increasing to θ = 1/2. QSGW predicts that all three sites can
contribute to the 2π* peak at 4.5 eV, so this state cannot be
used to discriminate the structure.
For comparison, PDOS from DFT results utilizing the

BEEF-vdW calculations is displayed in Figure 2 (BOTTOM)

for the three geometries (atomic, bridging, and fcc hollow) of
CO on Pt(111), finding similar features to Patra et al. In the
PBE + U study by Patra et al., the atomic site’s most prominent
peak was near EF + 3 eV, with a small peak near EF + 4 eV.

7 On
the other hand, they found prominent peaks close to EF + 4 eV
for the fcc hollow and hcp hollow sites, similar to QSGW
results. While BEEF-vdW can shift the adsorption energy and
the relative stability of these site geometries, it cannot resolve
the density of state features to the level of accuracy displayed
by self-consistent QSGW. BEEF-vdW’s 2π* states above the
Fermi energy are shifted by 0.5−1.0 eV from experiment and
the 4σ, 5σ, and 1π states below the Fermi energy are shifted by
ca. 2 eV from the experiment.
Next, we consider the θ = 1/2 coverage by coadsorbing a

pair of CO molecules on the surface, which is better reflective
of the experimental configurations. We relaxed the atomic +
bridging and atomic + fcc hollow pairs with the LDA, PBE, and
BEEF-vdW functionals, as we did for the θ = 1/4
configurations. In the course of relaxation, a new configuration
(the OCCO dimer) emerged spontaneously. Figure 3 presents
cartoons of the resulting structures along with Bader charges
and energetics. The relative energies of these isomers can be
sensitive to the magnitude of charge transfer between atoms:
for the BEEF-vdW functional, there are two minima for the
atomic + bridging configuration with a relative energy of 0.03
eV between them. Geometrically, they are nearly identical, but
the slightly more stable isomer features more extreme positive

Figure 3. Visualization of unique 2CO/Pt(111) of atomic + bridging, atomic + fcc hollow, and OCCO dimer with adsorption energies (Eads, eV),
relative adsorption energies (ΔEads, eV), Bader charges (ΔQ, e), and bond lengths (Å). Ptlight gray, Cdark gray, and Ored. Supporting
Information Table S2 contains bond lengths. Adapted from ref 51 and available under a CC-BY 4.0 license. Copyright 2024 Ha et al.
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(negative) charges on the C (O) atoms for the CO on an atop
site. Therefore, they may be considered two unique minima
due to the degree of charge transfer between the C−O atoms.
Bond lengths are compared to experimental data in Supporting
Information Table S2.
The atomic + fcc hollow configuration remains the most

stable across the di9erent functionals, although the relative
energy of the coadsorbed atomic and bridging site from the
atomic and fcc hollow site decreases from the LDA to the PBE
to the BEEF-vdW functional. Also, Bader charges in the 2-CO

geometries fluctuate less across functionals with the majority of
the CO molecules exhibiting a slight negative charge. The C−
O and Pt−C bond lengths of these coadsorbed geometries
reproduced similar values to those found at θ = 1/4 coverage
and therefore complement experiment (Supporting Informa-
tion Table S2). While LDA and PBE functionals found the
OCCO dimer to be a 1 eV higher than other coadsorbed
geometries; this di9erence was smaller with BEEF-vdW with
only 0.36 eV relative to the atomic + fcc hollow site. This
highlights the dependence of the functional on the relative

Figure 4. PDOS of 2CO/Pt(111) from QSGW calculations in geometries generated by BEEF-vdW: (TOP) Elemental analysis of Pt, C, and O
orbital projections from the Pt−C−O atoms outlined in blue; (BOTTOM) atomic contributions of each C and O with subscripts indicating the
specific atom to orbital contribution atatomic, brbridging, and hhollow, and for the OCCO dimer, numerical subscripts 1 and 2 were
utilized to di9erentiate C and O atoms. Dotted red lines depict PE peaks (4σ at EF − 11.6 ± 0.2 eV, 5σ at EF − 9.3 ± 0.2 eV, and 1π at EF − 8.4 ±
0.4)15 and two-photon PE data for the 2π* LUMO (at EF + 4.5 eV and EF + 4.2 eV for atomic site and bridging site, respectively).

16 Pink shaded
areas reflect uncertainties reported in the measurements with abscissa shifted to place the Fermi energy at 0. Adapted from ref 51 and available
under a CC-BY 4.0 license. Copyright 2024 Ha et al.
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